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Fig. 1.1 Composition ratio diagram of power sources in Japan (March, 2016) [1-3]
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Fig. 1.2 Energy density diagram of various fuel and battery material
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Table 1.1 Classification of engine types via way of gas heating and energy conversion
Gas Heating Energy Conversion / Ignition Engine Type Typical Application
External
Combustion
Engine
Volume Type Steam Engine Steam Locomotive
Speed Type Steam Turbine Power PlantVessel
Internal
Combustion
Engine
Volume
Type
Spark Ignition Gasoline Engine Automobile
Motorcycle
GeneratorComp. Ignition Diesel Engine
Speed Type Gas TurbineJet Engine
Vessel
Airplane
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Fig. 1.3 History of gasoline engine technologies (~2010) [1]
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Fig. 1.4 Downsizing concept with a constant number of cylinders [15-16]
Fig. 1.5 Downsizing concept with a reduced number of cylinders [15-16]
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Fig. 1.6 In-cylinder pressure profile of knocking induced by spark timing advance [18]
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Fig. 1.7 Historically representative averaged trends in compression ratio,
fuel AKI, and fuel TEL concentration as a function of year (USA) [19]
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Fig. 1.8 Pressure profile of LSPI cycle and normal cycle [25]
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Fig. 1.9 Abstract of abnormal combustion modes in gasoline engine
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Fig. 1.10 Transition pathways into thermal runaway and rumble/wild ping [18]
Fig. 1.11 Example of knock damaged piston in gasoline engine [30]
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Fig. 1.12 Schlieren photography pictures of knocking occurring end-gas area [37-38]
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Fig. 1.13 Schlieren photography pictures of auto-ignition in end-gas area [37-38]
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Fig. 1.14 Relationship between RON and molecular structure of hydrocarbon [40, 42]
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Fig. 1.15 Reaction pathways of low temperature oxidation
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Table 1.2 Proposed effects of parameters on LSPI frequency
Fig.1.16 Mechanism hypothesis of droplets triggered LSPI [54]
Class Parameter Direction LSPI Reference
Fuel
Phys. Property Heavy Fuel Increase 60
Chem. Property High Aromatic Increase 66
Mixture
Equiv. Ratio Rich Decrease 54, 55
Boost Pres. High pres. Increase 54, 55
EGR High EGR Decrease 61
Injection More
Liner wetting
Increase 54, 55
In-cyl. Flow Increase 58
Oil
Base Oil Low API Group Increase 56
Additives High Ca, low Zn Increase 54, 56, 58, 65
Lubrication
Ring Tension Higher Tension Decrease 54, 63
Crevice Shape Higher Crevice Increase 62
Ventilation Oil Separator Lower Oil Re-flux Decrease 54, 59
Condition Temperature Low Water temp. Increase 54, 57, 64, 65
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Fig.1.17 Typical features of LSPI [25]
Fig.1.18 Clarified mechanism of subsequent and intermittent LSPI [72-74, 25]
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Fig.1.19 Summary of proposed mechanistic pathways for LSPI occurrence [25]
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Table 1.3 Organization of chapter 2 to 5 with methodologies and effective parameters
Chapter ExperimentalMethodology
Effective parameters
Fuel Lubricant OilBase Oil Additive
Mixture Oil/Fuel Droplet
2 Single Cylinder Engine N/A
3 EndoscopicSCE
Oil Lubrication
Visualization Const.
4 Multi-CylinderEngine
Spray
Comb. Bomb
5 CVC RCEM Const.
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2.1 2
K Value
2.2
2.2.1
2.1
Kistler 6125A
Kistler 5011B 0.2 deg.CA
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Table 2.1 Specification of a single cylinder engine
2.2.2
2.2
CFR Cooperative Fuel Research 4 OHV
Over Head Valve
CFR
CCR Critical Compression Ratio CCR
PRF Primary Reference Fuel PRF
n-heptane iso-octane n-
heptane 100-X [liq. vol. %] iso-octane X [liq. vol. %] PRF
CCR X
RON MON 2.2
RON MON
1930
Engine Specification -
Single Cylinder Engine
(4 valves, pent-roof)
Displacement cm3 400
Bore mm 78.0
Stroke mm 83.6
Compression Ratio - 12.0
Piston Specification - Flat
Fuel Preparation - Port fuel injection
Fuel Pressure MPa 0.3
Spark Plug Location - Central
Intake Valve Opening deg. BTDC 0 -30
Intake Valve Closing deg. ABDC 48 78
Exhaust Valve Opening deg. BBDC 28
Exhaust Valve Closing deg. ATDC 0
233
Table 2.2 Operating conditions for CFR octane number evaluation (RON/MON)
RON MON 2.1
RON MON
[1-4] RON MON
RON MON
20
Fig. 2.1 Prepared fuel matrix on RON / MON map
RON MON
Engine Speed rpm 600 6 900 9
Viscosity SAE grade 30 30
Temp. 57 8 37 8
Pres. MPa 0.18 0.21 0.18 0.21
Water Temp. 100 2 100 2
Intake Temp. 52 1 38 14
Spark Timing deg. BTDC 13 (const.)
Mixture Temp. Natural Aspiration 149 1
Knock Detection - Bouncing Ping Bouncing Ping
75
80
85
90
95
100
105
110
75 80 85 90 95 100 105 110 115 120 125
RON
RON/MON Matrix Sample)
RON/MON Matrix Market)
Ethanol Blends(#01 base)
Ethanol Blends(#10 base)
Ethanol Blends(Market)
#09
#08
#07
#06#05
#04
#03
#02
#01
#12(E10)
#10
#11(E100)
#13(E20)
#14(E85)
#20(E85)
#17(E85)
#16(E20)
#19(E20)
#18(E10)
#16(E10)
# Index of fuel
(Refer to table 2.3 for properties)
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2.3 RON MON
#04 #07 #10
#12~14 #01=PRF90
#15~17 #10= #18~20
E10 E20 E85 E100 10
Table 2.3 Fuel properties for this research
No C7H16 C8H18 C7H8 EtOH Other RON MON C H O
MW
(ave.)
Stoich.
A/F
LHV
Fuel
LHV
Mixture
- vol. % - - mass % g/mol - MJ/kg MJ/kg
01 10 90 - - - 89.8 89.9 84.1 15.9 0.0 112.7 15.0 44.3 2.76
02 - 100 - - - 99.9 99.8 84.1 15.9 0.0 114.2 15.0 44.3 2.76
03 - 50 50 - - 113.0 104.1 88.1 11.9 0.0 100.8 14.1 42.2 2.79
04 - - - - 100 95.4 85.3 86.9 13.1 0.0 97.2 14.4 42.5 2.76
05 16 10 74 - - 99.5 88.2 89.7 10.4 0.0 95.1 13.8 41.4 2.80
06 - - 60 - 40 105.9 88.8 89.0 11.0 0.0 99.1 13.9 41.3 2.77
07 - - - - 100 100.0 88.0 87.5 12.5 0.0 93.6 14.3 42.6 2.79
08 30 - 70 - - 89.3 77.4 89.4 10.6 0.0 94.1 13.8 41.5 2.80
09 - - 100 - - 123.1 108.0 91.3 8.8 0.0 92.1 13.4 40.5 2.81
10 - - - - 100 89.6 80.6 85.9 14.1 0.0 96.7 14.6 43.5 2.78
11 - - - 100 - 108.4 88.8 52.1 13.1 34.7 46.1 8.9 26.8 2.69
12 9 81 - 10 - 97.5 93.4 82.5 13.1 3.9 92.5 13.8 42.4 2.86
13 8 72 - 20 - 102.9 94.1 78.8 14.5 7.7 86.5 13.5 40.1 2.77
14 1.5 13.5 - 85 - 107.4 89.6 54.8 13.8 30.2 54.8 9.8 28.8 2.67
15 - - - 10 90 93.6 82.5 82.3 13.9 3.7 91.5 14.0 41.6 2.78
16 - - - 20 80 97.0 83.9 78.6 13.8 7.6 85.9 13.4 39.8 2.77
17 - - - 85 15 106.7 88.6 56.4 13.2 30.4 52.5 9.7 28.9 2.71
18 - - - 10 90 92.3 82.0 82.8 13.5 3.7 98.4 13.9 40.7 2.73
19 - - - 20 80 97.9 84.7 77.8 13.9 8.3 90.5 13.3 39.2 2.75
20 - - - 85 15 108.0 90.4 57.6 13.2 29.2 54.1 9.8 28.9 2.67
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2.2.3
2.4 IVC Intake Valve Close
1 deg.CA
Trace Knock Trace Knock 3
Indicated
Mean Effective Pressure, IMEP
#09
Table 2.4 Experimental settings and conditions
Engine Speed rpm 1200 2000
Boost Pressure bar(gauge) 0.0 0.4 0.6 0.8
Intake Air Temperature K 333.15
Equivalence Ratio - 1.0 (Stoichiometric)
Coolant Temperature 86
Oil Temperature 86
Spark Ignition Timing deg. ATDC MBT and/or Trace Knock
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2.3
2.3.1
Chemkin-Pro
[5] 0
/
[6]
Golovichev
TRF
120 619 [7]
[8]
2.3.2
2.5 #09
2.2 CFR
Table 2.5 Calculation conditions for simulating end-gas auto-ignition under
boosted engine and RON / MON measurement with CFR engine
Condition Parameters Boosted Engine RON MON
Intake Air Temperature K 333.15 325.15 422.15
Intake Air Pressure bar(gauge) 0.0 / 0.2 / 0.4 / 0.6 / 0.8 0.0 (atmospheric)
Coolant Temperature 86 100 100
Engine Speed rpm 1200 600 900
Spark Ignition Timing deg. BTDC 8 13 14-26
Compression Ratio - 12 4-18 4-18
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2.4
2.4.1
KLSA, Knock Limited Spark Advance
CA50 Mass Burnt=50% Crank Angle
2.2 CA50
Trace Knock CA50
2.3
CA50 CA10/CA90
Fig. 2.2 Correlation between spark timing and CA50 (1200rpm, Boost pres. = 0.0 bar)
Fig. 2.3 Definition of CA10/50/90 as alternative parameters of combustion phasing
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2.4 Trace Knock
3 CA50 Timing IMEP
IMEP
CA50 #9
CA50 CA50 IMEP
Trace Knock CA50 RON MON
(a) 1200 rpm, boost pres. variation with retarded IVC
(b) 2000rpm, boost pres. variation with retarded IVC
Fig. 2.4 IMEP as a function of knock limited CA50 with boost pressure variation
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2.5
RON MON #02 RON=99.9 MON=99.8 #05
RON=99.5 MON=88.2 ((a), (c)) ((b), (d))
2 Trace Knock
#02 Trace Knock #05
#02
#02 #05
MON
MON
(a) In-cylinder pressure history with Fuel #02 (b) Heat release profile with Fuel #02
(c) In-cylinder pressure history with Fuel #05 (d) Heat release profile with Fuel #05
Fig. 2.5 Comparison of in-cylinder pressure and heat release profile
between Fuel #02 and #05 with retarded IVC and boost pressure variation
0
1
2
3
4
5
6
-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60
Crank Angle deg.ATDC
0.0 bar
Boost Pres. (gauge)
0.4 bar
0.6 bar
Ign. = -12 deg.ATDC
Ign. = -4 deg.ATDC
Ign. = -1 deg.ATDC
0
10
20
30
40
50
60
70
-60-50-40-30-20-10 0 10 20 30 40 50 60
Crank Angle deg.ATDC
0.0 bar
Boost Pres. (gauge)
0.4 bar
0.6 bar
CA50 = 11 deg.ATDC
CA50 = 21 deg.ATDC
CA50 = 25 deg.ATDC
0
1
2
3
4
5
6
-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60
Crank Angle deg.ATDC
0.0 bar
Boost Pres. (gauge)
0.4 bar
0.6 bar
Ign. = -11 deg.ATDC
Ign. = 0 deg.ATDC
Ign. = 4 deg.ATDC
0
10
20
30
40
50
60
70
-60-50-40-30-20-10 0 10 20 30 40 50 60
Crank Angle deg.ATDC
0.0 bar
Boost Pres. (gauge)
0.4 bar
0.6 bar
CA50 = 14 deg.ATDC
CA50 = 30 deg.ATDC
CA50 = 35 deg.ATDC
240
2.6 Trace Knock CA50 RON MON
Trace Knock RON
RON MON
Trace Knock
RON MON
1200rpm 2.6 (c)
RON/MON
(a) 1200 rpm, boost pres. = 0.0 bar (b) 2000 rpm, boost pres. = 0.0 bar
(c) 1200 rpm, boost pres. = 0.4 bar (d) 2000 rpm, boost pres. = 0.4 bar
Fig. 2.6 Knock limited CA50 trends on RON / MON map at each operating condition
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2.4.2 K Value
RON MON
Kalghatgi 2.1 ~ 2.3 [1-
2] OI Octane Index
PRF (2.1) K K Value
Octane Index RON MON
2.7
K 0 OI RON 100%
RON
K = 1 OI
MON 100 MON
K Value
RON MON
S Sensitivity (2.2) RON MON
(2.3) K Value Sensitivity
OI = (1-K) RON + K MON (2.1)
S = RON MON (2.2)
OI = RON K S (2.3)
Fig. 2.7 Concept of K Value as a relative parameter to express knocking characteristics of each
operating condition based on RON/MON condition as references
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RON
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K Value 2.8 RON MON Trace
Knock CA50 2.9 K Value OI Trace Knock CA50
K Value OI Trace Knock CA50 2.10
RON MON
K Value OI
Fig. 2.8 Example of correlation between RON/MON and trace knock limited CA50
Fig. 2.9 Example of correlation coefficient between OI and knock limited CA50
with K value variation
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Fig. 2.10 Correlation between OI and trace knock limited CA50 with optimized K value
Fig. 2.11 K Values as a function of IMEP (boost pressure) for each setting
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2.4.3
2.12 1200 rpm
#05
(R1.3) (R1.5)
[9-10]
R + O2 RO2 (R1.3)
QOOH + O2 O2QOOH (R1.5)
Fig. 2.12 Example of Elementary Reaction Calculation with Fuel #05
0
20
40
60
80
100
120
140
160
180
200
-20 -10 0 10 20
Crank Angle deg.ATDC
Boost pres. = 0.0 bar
Boost pres. = 0.2 bar
Boost pres. = 0.4 bar
Boost pres. = 0.6 bar
Boost pres. = 0.8 bar
500
600
700
800
900
1000
1100
1200
1300
1400
-20 -10 0 10 20
Crank Angle deg.A TDC
Boost pres. = 0.0 bar
Boost pres. = 0.2 bar
Boost pres. = 0.4 bar
Boost pres. = 0.6 bar
Boost pres. = 0.8 bar
LTO timing advance
T by LTO increase
HTO timing advance
LTO timing advance
ROHR by LTO
increase
HTO timing advance
(a) Temperature profile of mixture
(b) Heat release profile of mixture
245
2.4.4 MON
2.13 #02 RON=99.9 MON=99.8 #05 RON=99.5 MON=88.2
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Fig. 2.13 OI and calculated T by LTO (surrogate #05 fuel) for each operating condition (RON /
MON test and boost pres. variation at 1200 rpm)
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Fig. 2.14 Ignition delay time map and in-cylinder P & T history
(Fuel #05, stoichiometric mixture)
2.4.5
2.15
K Value Octane Index Trace Knock CA50
K Value
OH
2.16
[12]
RON MON
RON MON K Value
RON MON
Temperature K
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(a) 1200rpm, boost pres. = 0.0/0.4 bar, retarded IVC
(b) 2000rpm, boost pres. = 0.0/0.4 bar, retarded IVC
Fig. 2.15 Correlation between Octane Index and knock limited CA50
with both ethanol/non-ethanol fuels at different engine speeds and boost pressures
Fig. 2.16 Pathway of low temperature oxidation for ethanol fuel
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3.2.1
3.1 3.2
3.1
NAC 30 MPa
NAC MEMRECAM K-4 10000 fps
frames per second
Table 3.1 Specifications of a single cylinder engine
Table 3.2 Experimental setting and condition for a single cylinder engine
Engine Specification - Single Cyl. Engine(Prototype)
Displacement cc 400
Bore / Stroke mm 79.7 / 81.1
Fuel Preparation - GDI (Lateral)
Fuel Pressure MPa 20 MPa
Injection Type - Multi-hole (6 holes)
Engine Speed rpm 1600
BMEP MPa 1.8-2.2
Intake Air Temp. K 333.15
Equivalence Ratio - 1.0 (Stoichiometric)
Ignition Timing deg. ATDC Trace Knock
Fuel - Market Gasoline (RON100)
Oil - Market Oil (5W-30)
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Fig. 3.1 Endoscope visualization system on a single cylinder engine
3.2.2
3.3 3.4
3.2
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Table 3.3 Specifications of a visualization engine
Table 3.4 Experimental setting and condition for a visualization engine
Fig. 3.2 System of a visualization engine with oil lubrication
Engine Specification - Visualization Engine
Displacement cc 400
Bore / Stroke mm 78.0 / 84.0
Fuel Preparation - GDI (Side Injection)
Fuel Pressure MPa 20 MPa
Injection Type - Multi-hole (6 holes)
Engine Speed rpm 800-1600
BMEP MPa 0 (motoring)
Intake Air Temp. K 333.15
Fuel - Market Gasoline (RON100)
Oil - Market Oil (5W-30)
Engine Speed rpm 800-1600
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3.2.3
Artificial LSPI
3.3
10 deg. ATDC -20 deg. ATDC
Fig. 3.3 An example of artificial LSPI pressure profile by ignition timing advance
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Fig. 3.4 Visualized in-cylinder phenomenon of LSPI (the 1st abnormal cycle)
(a) -4.3 deg.ATDC (b) 0.9 deg.ATDC (c) 12.2 deg.ATDC (d) 21.7 deg.ATDC (e) 33.2 deg.ATDC
(g) Pressure profile of LSPI (1st cycle)(f) Visualized Area by Endoscope
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Fig. 3.5 Behavior of flying objects (flame kernels) in LSPI (the 1st abnormal cycle)
Fig. 3.6 Behavior of a flying object during the subsequent cycle after the LSPI
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Fig. 3.7 Example of visualized intake & compression stroke
(Engine speed = 1200 rpm, SOI = 240 deg. BTDC)
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Fig. 3.8 Visualized droplet flying process
(Engine speed = 1200 rpm, SOI = 240 deg. BTDC)
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3.8 (d)
3.10 SOI = 240 deg. BTDC
Fig. 3.9 Effect of injection timing on the amount of droplets at TDC
(Engine speed = 1200 rpm)
Fig. 3.10 Effect of operation time on the amount of droplets
(Engine speed = 1200 rpm, SOI = 240 deg. BTDC)
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Fig. 3.11 Viscosity of lubricant oil and duel mixture with respect to dilution ratio
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3.4.3
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Table 3.5 Calculation condition for RT instability model for droplet flying estimation
Injection Timing [deg. BTDC] 200 / 300
Engine Speed [rpm] 1200
Boost Pressure [kPa (gauge)] 0
Lubricant Temp. [ ] 80
Intake Temp. [ ] 60
365
Fig. 3.12 Profiles of model parameters based on Rayleigh-Taylor instability
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Fig. 3.13 Wave height estimated by RT instability model
(Engine speed = 1200 rpm, SOI = 200 / 300 deg. BTDC)
Fig. 3.14 Wave height estimated by RT instability model
(Engine speed = 1200 rpm, SOI = 200 / 300 deg. BTDC)
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Fig. 3.15 In-cylinder pressure of subsequent cycles
after artificial LSPI input with different operation time
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Fig. 3.16 Summarized maximum pressure values of subsequent cycles
(10 times on each artificial LSPI experiment, 20 times on natural LSPI)
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Table 4.1 Specification of multi-cylinder engine
Table 4.2 Experimental setting and condition (multi-cyl. engine)
Engine Specification - 4 Cyl. Engine
Displacement cc 1600
Bore / Stroke mm 79.7 / 81.1
Compression Ratio - 10.5
Fuel Preparation - GDI
Injector Location - Side Mount
Injection Type - Multi-hole (6 holes)
Fuel Pressure MPa 20
Engine Speed rpm 1600
Boost Pres. (gauge) kPa 80
BMEP MPa 1.8-2.2
Intake Air Temp. K 333.15
Ignition Timing deg.ATDC Trace Knock
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Fig. 4.1 Definition of LSPI event with typical example of pressure profiles
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Fig. 4.2 Experimental apparatus of multi-cylinder engine
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Fig. 4.3 Effect of oil/water temperature on LSPI frequency
Fig. 4.4 Effect of injection timing on LSPI frequency
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Fig. 4.5 Experimental sequence for LSPI frequency evaluation
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Table 4.3 Dominant components and additives of lubricant oil for internal comb. Engine
(Variants underlined and highlighted in red text: studied in this research)
(1) Base oil
PAO(Poly- -olefin)
[4] Carbon Number 30
(2) VII Viscosity Index Improver
PMA Polyacryl Methacrylate OCP Olefin
Copolymer
Component Function Typical Classification / Composition
Base oil
Base component of the oil.
Determines fundamental properties
of the lubricant.
Gr. I, Gr. II, Gr. III, Gr. IV, Gr. V
Viscosity Index
Improvers
Polymers to help reduce a
viscosity change with
changes in temperature.
PMA, OCP, styrene polymers
Metallic Detergent
Neutralises acidic species, reduces
deposits that form under high
temperature operating conditions.
Metals: Ca, Mg, Na
Soaps: Sulphonates, Salicylates, Phenates
Anti-Wear
Additives
Forms protective sacrificial layers
between metal surfaces under high
temperature and pressure.
ZnDTP
Ashless
Dispersant
Suspends/disperses soot and sludge
to reduce formation of deposits. Succinimides, succinic esters
Anti-Oxidant
Reduces oil oxidation to control
viscosity increase and the build-up
of acids and insolubles.
Primary: Phenolic, Aminic
Secondary: ZnDTP, MoDTC
Friction
Modifier Reduces engine friction. Organic (GMO), Inorganic (MoDTC)
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(3) Metallic Detergent
)
Carbonate Sulphonate Salycilate
[1-5]
(4) Anti-wear Additives
ZnDTP Zinc Dialkyldithiophosphate
[1-4]
(5) Ashless Dispersant
Succinic Anhydride
Mono-
Bis- Tri- Boron Trifluoride BF3 Alminium
Trichloride AlCL3
(6) Anti-Oxidant
ZnDTP Hindered Phenol Aromatic Amine Peroxy
Radical
(7)
MoDTP
Molybdenum Dithiophosphate MoDTC Molybdenum DithioCarbamate GMO
Glycerol Monooleate
[2]
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2
Ca Sulphonate ZnDTP
Matrix No. 1
4.4
Matrix No.1
Matrix No. 2 4.5
Matrix No.1
Matrix No.2 RON = 95
Table 4.4 Matrix No.1: Basic oil matrix with Calcium and ZnDTP
Oil Sample
Ca Zn
Strategy mass % Strategy mass %
No. 1-1 High 0.332 Low 0.060
No. 1-2 High 0.329 Middle 0.090
No. 1-3 High 0.325 High 0.176
No. 1-4 Low 0.123 Middle 0.088
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Table 4.5 Matrix No.2: Oil matrix with detailed components and additives
Oil Sample Base Oil Group Polymer Tyoe Dispersant Anti-oxidant FM
- - - - - -
No. 2-1 PMA High / Low MW Phenolic Not applied
No. 2-2 PMA High / Low MW Phenolic Not applied
No. 2-3 PMA High / Low MW Phenolic Not applied
No. 2-4 PMA High / Low MW Phenolic Not applied
No. 2-5 PMA High / Low MW Phenolic Not applied
No. 2-6 PMA High / Low MW Phenolic Not applied
No. 2-7 PMA High / Low MW Phenolic MoDTC
No. 2-8 OCP High / Low MW Phenolic Not applied
No. 2-9 PMA High MW only Phenolic Not applied
No. 2-10 PMA High / Low MW Low Phenolic Not applied
No. 2-11 PMA High / Low MW Aminic Not applied
No. 2-12 PMA High / Low MW Phenolic GMO
Oil Sample Detergent Ca Mg Na Zn Mo
- Metal Type mass % mass % mass % mass % mass %
No. 2-1 Ca Sulphonate (A) 0.097 0 0 0.07 0
No. 2-2 Ca Sulphonate (A) 0.294 0 0 0.06 0
No. 2-3 Ca Sulphonate (B) 0.097 0 0 0.06 0
No. 2-4 Ca Salycilate 0.097 0 0 0.06 0
No. 2-5 Mg Sulphonate (A) 0 0.297 0 0.07 0
No. 2-6 Ca/Na Sulphonate (A) 0.092 0 0.04 0.06 0
No. 2-7 Ca Sulphonate (A) 0.307 0 0 0.07 0.069
No. 2-8 Ca Sulphonate (A) 0.098 0 0 0.07 0
No. 2-9 Ca Sulphonate (A) 0.097 0 0 0.06 0
No. 2-10 Ca Sulphonate (A) 0.097 0 0 0.06 0
No. 2-11 Ca Sulphonate (A) 0.097 0 0 0.06 0
No. 2-12 Ca Sulphonate (A) 0.096 0 0 0.06 0
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4.2.4
RON [14] RON
[16]
4.6
Matrix No.3
RON MON
Matrix No.3 4.6 No. 3-1
No. 3-4
4.7 Calcium
2
Fig. 4.6 Distillation curves of fuel matrix (Matrix No.3)
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Table 4.6 Matrix No.3: Fuel matrix with different distillation properties
Table 4.7 Reference oils with High/Low LSPI frequency for fuel sensitivity test
Fuel Sample - No.3-1 No.3-2 No.3-3 No.3-4
Octane
Number
RON - 94.6 95 94.8 96.6
MON - 85.8 86.2 85.9 85.6
Distillation
10 vol. % 55.8 56.3 56.8 48.0
20 vol. % 63.2 64.3 63.7 55.1
30 vol. % 67.9 69.0 68.4 61.4
40 vol. % 77.3 80.3 79.2 66.7
50 vol. % 101.4 104.4 100.6 78.8
60 vol. % 107.2 110.4 105.6 102.4
70 vol. % 112.7 117.5 110.0 107.8
80 vol. % 123.7 131.4 117.7 114.2
90 vol. % 161.4 161.8 144.0 131.0
95 vol. % 190.5 171.5 173.0 154.6
Paraffins vol. % 14.2 18.8 16.4 15.1
Isoparaffins vol. % 41.5 37.0 40.6 32.1
Olefins vol. % 3.9 3.7 3.8 13.8
Naphthenes vol. % 2.8 2.6 2.7 2.6
Aromatics vol. % 27.1 27.5 26.3 26.1
Oxygenates vol. % 10.5 10.4 10.2 10.2
Molecular
Formula
Carbon - 5.96 5.98 5.91 5.63
Hydrogen - 11.57 11.59 11.54 10.88
Oxygen - 0.21 0.21 0.20 0.19
Lower Heating Value MJ/kg 41.73 42.05 41.81 41.84
Sample Group Ca Mg Na Zn Mo
- - mass % mass % mass % mass % mass %
High Ref. 0.304 0 0 0.13 0
Low Ref. 0.140 0.119 0 0.13 0
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4.2.5 PDSC
4.7 4.8
IP 541/06
MCD Main Combustion Delay
ECN Estimated Cetane Number)
MCD 10%
Fig. 4.7 Experimental apparatus of the combustion bomb chamber
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Table 4.8 Experimental condition of combustion bomb test
PDSC
[17-18] ASTM D6186[19] 3.5 MPa 210
Iso-Octane
Pressure MPa 4.5
Temperature K 773
Injection Pres. MPa 40
Pulse Width ms 3.0
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4.3
4.3.1 Matrix No.1
4.8 4.9 Calcium Sulphonate ZnDTP
Matrix No.1
4.8 Calcium
4.9 ZnDTP
[1-4]
Fig. 4.8 Calcium sensitivity on LSPI frequency (Matrix No.1)
Fig. 4.9 Zinc sensitivity on LSPI frequency (Matrix No.1)
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Calcium ZnDTP
(4.1) 4.9
Calcium ZnDTP
Calcium ZnDTP
(4.1)
4.10 4.11
Table 4.9 Result of multiple linear regression analysis on Matrix No.1
Table 4.10 LSPI frequency obtained by experiment on Matrix No.1
Table 4.11 LSPI frequency predicted by correlation formula
Objective Variables
LSPI Freq.
Explanatory Variables
Ca mass % Zinc mass %
Constant
Standard partial regression coefficient
LSPI Freq. A B C
Test 1 : 86 -IT_120 0.12 -0.38 0.04
Test 2 : 86 -IT_160 0.30 -0.20 0.00
Test 3 : 50 -IT_120 2.07 -0.92 0.01
Test 4 : 50 -IT_160 2.58 -1.31 0.14
LSPI Freq.
(Experiment)
No.1-1 No. 1-2 No. 1-3 No. 1-4
Test 1 : 86 -IT_120 0.06 0.06 0.02 0.00
Test 2 : 86 -IT_160 0.12 0.06 0.08 0.00
Test 3 : 50 -IT_120 0.65 0.59 0.53 0.22
Test 4 : 50 -IT_160 0.88 0.88 0.73 0.36
LSPI Freq.
(Prediction)
No.1-1 No. 1-2 No. 1-3 No. 1-4
Test 1 : 86 -IT_120 0.06 0.06 0.01 0.02
Test 2 : 86 -IT_160 0.09 0.08 0.07 0.03
Test 3 : 50 -IT_120 0.65 0.61 0.53 0.19
Test 4 : 50 -IT_160 0.91 0.87 0.75 0.33
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Fig. 4.10 Correlation line developed by the result of Matrix No.1
0.0
0.2
0.4
0.6
0.8
1.0
0.0 0.2 0.4 0.6 0.8 1.0
Predicted LSPI Freq. [-]
50 deg.C_IT=160
50 deg.C_IT=120
86 deg.C_IT=160
86 deg.C_IT=120
No.1-1
No.1-2
No.1-3
No.1-1
No.1-2
No.1-3
No.1-4
No.1-4
No.1-1
No.1-2
No.1-4
No.1-3
Correlation Line
Based on Matrix No.1
R2=0.9963
489
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Matrix No.1
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Fig. 4.11 LSPI freq. with different types of Calcium additive (Matrix No.2)
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Fig. 4.12 Sensitivity of magnesium additive on LSPI frequency (Matrix No.2)
Fig. 4.13 Sensitivity of sodium additive on LSPI frequency (Matrix No.2)
Fig. 4.14 Sensitivity of molybdenum additive on LSPI frequency (Matrix No.2)
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Fig. 4.15 Sensitivity of various additives on LSPI frequency (Matrix No.2)
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Fig. 4.16 Fuel distillation effect on LSPI frequency (Matrix No.3)
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Fig. 4.17 MCD and ECN of various hydrocarbons (Bomb test)
Fig. 4.18 Effect of Calcium and ZnDTP additives on MCD and ECN (Bomb test)
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Fig. 4. 19 Fuel dilution effect on MCD of lubricant oil (Bomb test)
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Fig. 4.20 Effect of Calcium additive on oxidation stability (PDSC)
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Fig. 5.1 Experimental schematic of the constant volume chamber (CVC)
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Fig. 5.2 O2 density and temperature conditions of CVC
Table 5.1 Experimental conditions of CVC tests
0
140
500 750
Temperature K
121
97
73
48
545 620 676 723
a
b
c d
-10 deg. ATDC
-20 deg. ATDC
-20 deg. ATDC
-45 deg. ATDC
Mixing Ratio of Lubricant Oil mass % 0, 20, 50, 60, 80, 100
Pres. Difference (fuel ambient) MPa 30
Amount of Injection mg 1.0
Ambient Density kg/m3 12
Camera Frame Rate fps 1.0 104
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5.2.2 RCEM
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(RCEM Rapid Compression and
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Fig. 5.3 Experimental schematic of RCEM
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Table 5.2 Baseline specifications of the RCEM
Fig. 5.4 Cylinder head and injector mounting layout
Fig. 5.5 Geometrical layout of spray direction and visualization area
6
5 1
5.4
5.5
Bore mm 125
Stroke mm 140
Displacement cc 1718
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RON120 ,PRF RON90-100
5.3 RCEM
800 rpm
Table 5.3 Experimental conditions of RCEM with different fuels for premixed mixture
5.2.3
5.4 RCEM A
GF-4 Group Calcium
ZnDTP
5.5 RCEM B
Group
A B Calcium Sulphonate ZnDTP
RCEM RCEM
PRD
iso-octane RCEM
5.6
Fuel Type - Methane Mixture PRF Mixture
Initial Gas Pressure kPa 25 25
Initial Gas Temperature K 383.15 383.15
Compression Ratio - 14 : 1 10.5 : 1
Engine Speed rpm 800 800
Equivalence Ratio - 1.0 1.0
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Table 5.4 Properties of commercial oil A
Table 5.5 Properties of base oil B
Name - Commercial Oil A
Grade - SM/GF-4
Base Oil Group - Gr.
SAE Viscosity Grade - 5W-30
Density (15 deg. C) kg/m3 0.8414
Kinetic Viscosity
100 deg. C mm2/s 9.808
40 deg. C mm2/s 47.15
Viscosity Index - 200
Name - Base Oil B
Base Oil Group - Gr.
Density (15 deg. C) kg/m3 0.886
Kinetic Viscosity
100 deg. C mm2/s 10.8
40 deg. C mm2/s 93.9
Viscosity Index - 97
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Table 5.6 Experimental conditions of CVC and RCEM (Test1-8)
(Combinations of ambient conditions and droplet composition)
Case No. Method.
Ambient Conditions Droplets Injection Settings
Fuel Type Comp. Ratio Timing Inj. Pres. Amount
- - - - deg. ATDC MPa mg
Test 1 CVC Air Only - See Table 5.1
Test 2-5 RCEM Methane 14 : 1 -28 3.8 0.5
Test 6 RCEM 95 RON (PRF) 10.5 : 1 -22 3.8 0.5
Test 7 RCEM 90 - 100 RON (PRF) 10.5 : 1 -22 3.8 0.5
Test 8 RCEM 90 RON (PRF) 10.5 : 1 -22 3.8 0.5
Case No.
Droplet Composition
Fuel Com. Oil A Base Oil B Calcium ZnDTP
- mass % mass % mass % mass % mass %
Test 1
100 RON
(Iso-octane)
0 - 100 N/A N/A N/A
Test 2 0 - 8 N/A N/A N/A
Test 3 N/A 1 - 4 N/A N/A
Test 4 N/A 2 0 - 2 N/A
Test 5 N/A N/A 0 - 0.39 N/A
Test 6 N/A N/A 0 - 1.57 N/A
Test 7 N/A N/A 0.784 N/A
Test 8 N/A N/A 0.784 0 - 0.3
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Fig. 5.6 Visualized combustion of commercial oil/fuel mixture
Lub. 20 % Lub. 50 % Lub. 60 % Lub. 80 % Lub. 100 %
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Pressure = 2.43 MPa, Temperature = 723 K
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[1]
Table 5.7 Ignition delay times of oil/fuel mixture (CVC)
Ignition
Delay
[ms]
In-cylinder Condition
-45
deg.
-30
deg.
-20
deg.
-10
deg.
a b c d
20 - 2.1 0.9 0.5 0.9 1.6 1.3 1.0
50 - 2.3 1.0 0.6 1.1 1.5 1.3 0.9
60 3.6 1.4 0.6 0.4 0.8 0.9 0.8 0.7
80 3.5 1.5 0.7 0.4 0.8 1.0 0.8 0.6
100 3.2 1.0 0.8 0.4 0.7 0.8 0.8 0.6
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Fig. 5.7 Ignition delay times of commercial oil/fuel mixture (RCEM)
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Fig. 5.8 Visualized combustion of commercial oil/fuel mixture droplets
(Commercial oil mixture ratio = 1.5 wt %)
Fig. 5.9 Visualized combustion of commercial oil/fuel mixture droplets
(Commercial oil mixture ratio = 8.0 wt %)
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Fig. 5.10 Ignition delay times of base oil/fuel mixture (RCEM)
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Fig. 5.11 Visualized combustion of base oil/fuel mixture droplets
(Base oil mixture ratio = 1.0 wt %)
Fig. 5.12 Visualized combustion of base oil/fuel mixture droplets
(Base oil mixture ratio = 4.0 wt %)
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Fig. 5.13 Ignition delay times with Ca additive variation in droplet
(Methane/air premixed mixture)
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Fig. 5.14 Visualized combustion of Calcium/base oil/fuel mixture droplets
(Base oil=2.0 wt % Calcium additive = 1.0 wt %, Methane/air premixed mixture)
Fig. 5.15 Visualized combustion of Ca/base oil/fuel mixture droplets
(Base oil=2.0 wt % Calcium additive = 2.0 wt %, Methane/air premixed mixture)
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Fig. 5.16 Ignition delay times with Ca additive variation in droplets
(PRF/air premixed mixture)
Fig. 5.17 Pressure profiles enhanced by Ca additive in droplets
(PRF/air premixed mixture)
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Fig. 5.18 Visualized combustion enhancement by Calcium additive in droplets
(Calcium additive = 0.784 wt % (low), without base oil, PRF/air premixed mixture)
Fig. 5.19 Visualized combustion enhancement by Calcium additive in droplets
(Calcium additive = 1.568 wt % (high), without base oil, PRF/air premixed mixture)
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Fig. 5.20 Ignition delay times with RON variation mixture with Ca additive in droplets
Fig. 5.21 Pressure profiles enhanced by lower RON mixture with Ca additive in droplets
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Fig. 5.22 Visualized combustion enhancement by low RON with Ca additive in droplets
(PRF/air mixture RON=95, Calcium additive = 0.784 wt %, without base oil)
Fig. 5.23 Visualized combustion enhancement by low RON with Ca additive in droplets
(PRF/air mixture RON=90, Calcium additive = 0.784 wt %, without base oil)
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Fig. 5.24 Ignition delay times with ZnDTP additive variation in droplets
(Calcium additive = 0.784 wt %, PRF/air mixture RON90)
Fig. 5.25 Pressure profiles inhibited by ZnDTP additive in droplets
(Calcium additive = 0.784 wt %, PRF/air mixture RON90)
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Fig. 5.26 Visualized combustion without inhibition by ZnDTP additive in droplets
(Zinc=0 wt % (low), PRF/air mixture RON=90, Calcium = 0.784 wt %)
Fig. 5.27 Visualized combustion inhibition by ZnDTP additive in droplets
(Zinc=0.076 wt % (middle), PRF/air mixture RON=90, Calcium = 0.784 wt %)
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Fig. 5.28 Revised hypothesis regarding additive effect on droplet ignition
in premixed fuel/air mixture with CH4/PRF
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Table 5.8 Sub-models used in the CFD code
Fig. 5.29 Computing mesh for this CFD study
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Fig. 5.30 Modified reaction scheme used for this CFD study
Table 5.9 Calculation conditions comparable to RCEM experiments
C7H16+O2=C7H15+HO2
C7H15+O2=C7H15O2
C7H15O2=C7H14OOH
C7H14OOH+O2=O2C7H14OOH
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C7H14+O2 C5H11+CH2O+HCO
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C6H13CO+O2 C3H6+C3H6+CO+HO2
C8H18+OH C8H17+H2O
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C8H16+O2 C6H13+CH2O+HCO
C8H18+HO2=C8H17+H2O2
C8H17 C6H13+C2H4
C6H13=C3H7+C3H6
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aC8H17 C6H13+C2H4
aC6H13=C3H7+C3H6
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Tsurushima Scheme (only LTO Reaction) Reactions with Calcium and Zinc
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Fig. 5.32 HCHO concentration in the cylinder
Fig. 5.33 Temperature distribution in the cylinder
14deg.ATDC 15deg.ATDC 17deg.ATDC 18deg.ATDC16deg.ATDC
-22deg.ATDC -12deg.ATDC -2deg.ATDC 8deg.ATDC 13deg.ATDC
0 ppm
8000 ppm
-22deg.ATDC -12deg.ATDC -2deg.ATDC 8deg.ATDC 13deg.ATDC
14deg.ATDC 15deg.ATDC 17deg.ATDC 18deg.ATDC16deg.ATDC
0 ppm
8000 ppm
-22deg.ATDC -12deg.ATDC -2deg.ATDC 8deg.ATDC 13deg.ATDC
14deg.ATDC 15deg.ATDC 17deg.ATDC 18deg.ATDC16deg.ATDC
0 ppm
8000 ppm
E1:69.5%_E2:100%
E1:100%_E2:100%
E1:69.5%_E2:120%
HCHO concentration increases
after the injection immediately
The consumption of HCHO starts
The consumption of
-22deg.ATDC -12deg.ATDC -2deg.ATDC 8deg.ATDC
650 K
900 K
E1:69.5%_E2:100%
-22deg.ATDC -12deg.ATDC -2deg.ATDC 8deg.ATDC
650 K
900 K
E1:100%_E2:100%
-22deg.ATDC -12deg.ATDC -2deg.ATDC 8deg.ATDC
650 K
900 K
E1:69.5%_E2:120%
Rapid Temperature rises
Temperature rise is prevented
5136
5.5
/
RCEM /
(1)
(2)
(3) Calcium /
(4) Calcium /
PRF/ RON
(5) ZnDTP /
PRF/ Calcium
(6) (3), (4), (5) Calcium
ZnDTP
3 CFD
5137
5.6 5
[1] Masaharu Kassai, Hiroki Hashimoto, Taisuke Shiraishi, Atsushi Teraji, Toru Noda
-01-1867, 2015
[2] Akram Zahdeh, Peter Rothenberger, Wai Nguyen, Muniappan Anbarasu, Simon Schmuck-Soldan,
-Ignition in Boosted SI
-01-0340, 2011
[3]
Engine Oil Effect on Abnormal Combustion in Turbocharged Direct Injection - Spark Ignition
-01-1615, 2012
[4] Stefan Palaveev, Max Magar, Heiko Kubach, Robert Schiessl, Ulrich Spicher, Ulrich Maas,
-Numerical and Experimental
-01-0252, 2013
[5] Satoshi Hirano, Minoru Yamashita, Kosuke Fujimoto, Katsuyoshi Kato,
Oil Effect on Abnormal Combustion in Turbocharged Direct Injection -Spark Ignition Engines (Part
-01-2569, 2013
[6] Masaharu Kassai, Ken Torii, Taisuke Shiraishi, Toru Noda, Tor Kit Goh, Karsten Wilbrand,
Shaun
Paper 2016-01-2292, 2016
[7] Yasuo Moriyoshi, Toshio Yamada, Daisuke Tsunoda, Mingzhao Xie, Tatsuya Kuboyama, Koji
A study of a Highly Boosted Gasoline Engine in Low Speed Region Aiming at
Extension of the Limit of Downsizing Concept (2nd Report: Numerical Analysis of LSPI
Mechanism and Auto-ignition Caused by CaO Formation , The 25th Internal combustion engine
symposium (Tsukuba, Japan) Speech No.2 , 2014
Pre-ignitions at Highly Supercharged Direct- MTZ, Vol. 77, No.06, p.
36-40, 2016
[9] Y. Schachter, Calcium-Oxide-Catalyzed Reactions of Hydrocarbons and of
Alcohols , Journal of Catalysis, Vol.11, No. 2, p. 147-158, 1968
[10] Daniel L. Ellig, Chiu K. Lai, David W. Mead, John P. Longwe Pyrolysis
5138
of Volatile Aromatic Hydrocarbons and n-Heptane over Calcium Oxide and Quartz , Industrial &
Engineering Chemistry Process Design and Development, Vol.24, No. 4, p.1080-1087, 1985
[11] Roy M. Mortier, Malcolm F. Fox, Stefa Chemistry and Technology of Lubricants ,
3rd Edition, Springer, 2010
[12]
, Vol.32, No.2, p. 43-48, 2001
[13] Tadashi Tsurushima,
the Combustion Institute, Volume 32, p. 2835-2841, 2009
6139
6
6.1
CO2
3
20
K Value
RON
MON K Value
6140
RON MON
1
4 18
Calcium Sodium
6141
ZnDTP MoDTC
RCEM /
Calcium
PRF Primary Reference Fuel Calcium
RON
Calcium
ZnDTP Calcium
Calcium ZnDTP
/
Calcium ZnDTP
6142
6143
6.2
2
K Value
Sensitivity
3
1
4
5
5
RCEM
3
1
6144
2015
RDE, Real Driving Emission
HEV 48V
145
Calcium
2
146
3
4
3
2 4 Shell Global Solutions
Shell
Shell 2
David Doyle David Green Roger Cracknell 4
Shaun Wakefield Tor Kit Goh
Adam Healy
5
RCEM
2017 6
147
.1
CFD
Vol. 45, No.4,
p.671-676, 20144611, 2014 7
Vol.46 No.4, p.763-768, 20154487, 2015 7
Low Speed
Pre-Ignition Vol. 46 No.5
p.893-898 20154564 2015 9
Masaharu Kassai Hiroki Hashimoto Taisuke Shiraishi Atushi Teraji Toru Noda
Mechanism Analysis on LSPI Occurrence in Boosted S. I. Engines SAE Technical
Paper 2015-01-1867 2015 9
Shaun Wakefield, Jan-Hendrik Redmann, Tor
Kit Goh, David Doyle, Karsten Wilbrand,
Vol.46 No.6, p.1057-1062,
20154688, 2015 11
Masaharu Kassai Ken Torii Taisuke Shiraishi Toru Noda, Tor Kit Goh, Karsten
Wilbrand, Shaun Wakefield, Adam Healy, David Doyle, Roger Cracknell, Masahiko
Shibuya Research on the Effect of Lubricant Oil and Fuel Properties on LSPI
Occurrence in Boosted S. I. Engines SAE Technical Paper 2016-01-2291, 2016 10
Masaharu Kassai Taisuke Shiraishi Toru Noda Mamoru Hirabe Yoshiki
Wakabayashi Jin Kusaka Yasuhiro Daisho An Investigation on the Ignition
Characteristics of Lubricant Component Containing Fuel Droplets Using Rapid
Compression and Expansion Machine SAE International Journal of Fuels and
Lubricants,Vol.9, No.3, p.469-480, 2016 11
HCCI
, , ,
. B Vol.73 No.727 p.894-900, 2007
3
CFD
24
60 , 2013 11
148
.2
25
4 , 2014 11
Shaun Wakefield, Jan-Hendrik Redmann,
Tor Kit Goh, David Doyle, Karsten Wilbrand, The Effect of Fuel
Properties on Knocking Performance of Boosted Downsized Engines FEV
International Conference: Advanced Fuels For Sustainable Mobility, 2014 11
Shaun Wakefield, Jan-Hendrik Redmann,
Tor Kit Goh, David Doyle, Karsten Wilbrand,
25
12 2014 11
LSPI
2015
JSAE20155276 2015 5
LSPI
15 2015 6
Masaharu Kassai Hiroki Hashimoto Taisuke Shiraishi Atsushi Teraji, Toru
Noda Mechanism Analysis on LSPI Occurrence in Boosted S. I. Engines SAE/JSAE
Powertrains, Fuels and Lubricants International Meeting 2015 9
Masaharu Kassai Ken Torii Taisuke Shiraishi Toru Noda, Tor Kit Goh, Karsten
Wilbrand, Shaun Wakefield, Adam Healy, David Doyle, Roger Cracknell, Masahiko
Shibuya Research on the Effect of Lubricant Oil and Fuel Properties on LSPI
Occurrence in Boosted S. I. Engines SAE Powertrains, Fuels and Lubricants
International Meeting 2016 10
Masaharu Kassai Taisuke Shiraishi Toru Noda Mamoru Hirabe Yoshiki
Wakabayashi Jin Kusaka Yasuhiro Daisho An Investigation on the Ignition
Characteristics of Lubricant Component Containing Fuel Droplets Using Rapid
Compression and Expansion Machine SAE Powertrains, Fuels and Lubricants
International Meeting, 2016 10
(LSPI)
27 12 , 2016 12
, , ( 2 )
2005(11), p.29-30, 2005 3
149
.3
HCCI
HCCI
43 , p.228-229 2006 12
, HCCI
2006(3), p.241-242 2006 9
, , ,
HCCI 2006, p.127-128 2006
11
(JP)
5716864 (P5716864) 2015 5
(JP) 5915819 (P5915819) 2016 5
(JP)
5928659 (P5928659) 2016 6
(JP) 6020722 (P6020722) 2016 11
HCCI
2007
150
AKI Anti-Knocking Index
AlCl3 Almunium Trichloride
API American Petroleum Institute
ASTM American Society for Testing Materials
ATDC After Top Dead Center
BF3 Boron Torifluoride
BTDC Before Top Dead Center
CCR Critical Compression Ratio
CFR Cooperative Fuel Research
CNG Compressed Natural Gas
CVC Constant Volume Chamber
DI Direct Injection
ECN Estimated Cetane Number
EGR Exhaust Gas Re-circulation
ETBE Ethyl Tertiary Butyl Ether
EV Electric Vehicle
FCV Fuel Cell Vehicle
FM Friction Modifier
GDI Gasoline Direct Injection
GMO Glycerol Monooleate
GTL Gas To Liquid
HC Hydrocarbon
HEV Hybrid Electric Vehicle
HSPI High Speed Pre-Ignition
HTO High Temperature Oxidation
ILSAC International Lubricants Standardization and Approval Committee
IMEP Indicated Mean Effective Pressure
IT Injection Timing
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IVC Intake Valve Close
LHV Lower Heating Value
LPG Liquefied Petroleum Gas
LSPI Low Speed Pre-Ignition
LTO Low Temperature Oxidation
MCD Main Combustion Delay
MMT Methylcyclopentadienyl Manganese Tricarbonyl
MoDTC Molybdenum Dithiocarbamate
MoDTP Molybdenum Dithiphosphate
MON Motoring Octane Number
MPI Multi Point Injection
MTBE Methyl Tertiary Butyl Ether
MW Molecular Weight
OCP Olefin Copolymer
OEM Original Equipment Manufacturer
OHV Over Head Valve
OI Octane Index
PAO Poly- -Olefin
PB Polybutenyl
PDSC Pressure Differential Scanning Calorimetry
PHEV Plug-in Hybrid-Electric Vehicle
PI Pre-Ignition
PiB Polyisobutenyl
PM Particle Matter
PMA Polyacryl Methacrylate
PRF Primary Reference Fuel
RCEM Rapid Compression and Expansion Machine
RDE Real Driving Emission
RON Research Octane Number
SI Spark Ignition
152
SOI Start of Injection
TDC Top Dead Center
TEL Tetra-Ethyl Lead
VII Viscosity Index Improver
VOF Volume of Fluid
ZnDTP Zinc Dialkyldithiophosphate
